Abstract. Human African trypanosomiasis (HAT), caused by infection with sub-species of Trypanosoma brucei ( T. b. ), manifests as a hemolymphatic stage followed by an encephalitic stage. The distinction of the two stages needs improvement as drugs used for the late stage are highly toxic. Transcripts encoding 16 secreted proteins differentially expressed in the brains of mice at late stage T. b. brucei infection when the early stage drug suramin is no longer effective and different to immunoglobulins, chemokines, and cytokines, were selected by microarray analysis. Lipocalin 2 and secretory leukocyte peptidase inhibitor (SLPI) mRNA showed the highest differential expression in mice. These transcripts were also upregulated in brains from infected rats. Lipocalin 2 was increased in cerebrospinal fluid (CSF) from rats during late stage T. b. brucei infection. Protein levels of lipocalin 2, SLPI, and the chemokine CXCL10 were found increased in CSF from Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense late stage HAT compared to early stage.
INTRODUCTION
Human African trypanosomiasis (HAT) or sleeping sickness is caused by subspecies of Trypanosoma brucei ( T. b. ) transmitted by infected tsetse flies. The disease is divided into two stages: 1) an early stage, in which the parasites are confined to the hemolymphatic system; and 2) a late, meningoencephalitic stage with severe signs of central nervous system (CNS) involvement when parasites are presumed to have penetrated into the brain parenchyma. 1, 2 The two variants of HAT, which differ in duration of incubation period and progression to CNS involvement, are the chronic Gambian form (caused by Trypanosoma brucei gambiense in West and Central Africa) and the acute Rhodesian form (caused by Trypanosoma brucei rhodesiense in East and Southern Africa).
Accurate staging of HAT is critical because early stage drugs do not efficiently cross the blood-brain barrier (BBB), and treating early-stage patients with the more toxic drugs should be avoided. 3, 4 According to current World Health Organization (WHO) criteria, HAT patients in late stage are those with trypanosomes present in the cerebrospinal fluid (CSF) and/ or an elevated leukocyte count (> 5 cells/mm 3 ) or an increase in protein content of the CSF (> 37 mg/100 mL). 5 However, diagnosis of late stage HAT based on these criteria is unsatisfactory because the number of white blood cells (WBCs) or parasites in the CSF may not be good indicators of passage of trypanosomes across the BBB. [5] [6] [7] [8] Thus, there is a critical need for biomarkers to efficiently and reliably stage HAT for treatment guidance. Recently, immunoglobulins, 9 cytokines such as interleukin (IL)-10, [9] [10] [11] and chemokines such as CXCL10 and CXCL13 [12] [13] [14] have been suggested as useful biomarkers. In the current study, aimed at the discovery of new staging markers for HAT, genes differentially expressed in the brain of mice at the early and late stage of T. b. brucei infection were identified by transcriptome analysis. Because some molecules such as cytokines and chemokines, which may be secreted by WBC in the CSF, have been studied, molecules mainly secreted by WBCs were excluded from the selection.
Instead, we focused on other molecules, e.g., those secreted from brain parenchymal cells, as potential novel markers for invasion of trypanosomes.
We report that the level of lipocalin 2 and secretory leukocyte peptidase inhibitor (SLPI) transcripts is elevated in the brain of mice during the late phase of T. b. brucei infection, when such infected mice cannot be cured with the early stage drug suramin. Levels of these molecules, together with CXCL10, were also increased in the CSF from late stage trypanosome-infected individuals. Thus, lipocalin 2 and SLPI might be considered as markers of the late stage of the disease to complement the use of chemokines or antibodies for better staging.
MATERIALS AND METHODS
Patients and specimen. Early and late stage HAT patients with T. b. gambiense were recruited from the area around Dipumba Hospital, Mbuji Mayi, Democratic Republic of the Congo (DRC), where sleeping sickness caused by T. b. gambiense is endemic. 15 Briefly, individuals who were seropositive in the card agglutination test for trypanosomiasis (CATT) or who presented suggestive clinical signs were examined for trypanosomes in the blood, lymph node aspirate, and CSF. The presence of trypanosomes in at least one of these body fluids was evidence of infection. The late stage disease was defined as either WBC count > 5 cells/μL or detection of trypanosomes in CSF. The study protocol was approved by the Ministry of Health, Kinshasa, DRC, and the Ethical Committee of the University of Antwerp, Belgium. Patients were informed about the objectives and modalities of the study and were asked to provide consent. Patients younger than 12 years of age, moribund or with a "blood-contaminated" CSF were excluded from this study. In total, 180 patients (early stage [n = 90] and late stage [n = 90]) with T. b. gambiense HAT were considered for analyses reported in this study. Patients with T. b. rhodesiense infections (6 in early stage and 20 at late stage) were recruited in the Rumphi region of Malawi and were screened at the local hospitals after providing consent. Disease stage was determined as indicated previously, and the study protocol was approved by the Ministry of Health and Population, Lilongwe, Malawi and the Ethical Committee of the University of Antwerp, Belgium. Blood, CSF, saliva, and urine were collected from all consenting patients. The CSF and urine samples were spun briefly before the supernatant was snap frozen in liquid nitrogen, and remained at −80°C until testing. Blood samples were also spun and sera carefully pipetted out and snap frozen. Aliquots of all samples were kept at −80°C until testing. Body fluids from non-infected age and sex matched patients subjected to lumbar puncture for spinal anaesthesia in Heidelberg, Germany (n = 18), were used as control. Patients signed an informed consent form. The protocol was approved by the Ethical Committee of the Medical Faculty, University of Heidelberg, Germany.
Mice, rats, parasites, and infection. The C57BL/6 mice (8-12 weeks old) and Sprague-Dawley rats (180-200 g), kept under specific pathogen-free conditions with food and water ad libitum were used throughout. All experiments received institutional approval by the local animal ethical committees.
Mice were infected by intraperitoneal (i.p.) injection with 2-3 × 10 3 parasites of the pleomorphic stabilate AnTat 1.1E T. b. brucei . Rats were infected i.p. with 25 × 10 3 of the same parasite strain. Infected mice were deeply anesthetized with isoflurane, sacrificed by decapitation, and brains dissected out at 6, 15, and 28 days post infection (d.p.i.), immediately snap frozen on dry ice, and kept at −70°C. Twenty-seven trypanosome-infected rats and four control rats were anesthetized with pentobarbital (50 mg/kg i.p.) and after CSF collection, the brains were dissected out at 6 (n = 6), 11 (n = 5), 16 (n = 4), 21 (n = 5), 26 (n = 4), and 31 (n = 3) d.p.i, deeply frozen in liquid nitrogen and stored at −80°C. The CSF collection was performed on rats anesthetized and positioned in a stereotaxic apparatus. A midline incision was made over the surface of the skull and along the posterior region of the neck. After the underlying muscles had been retracted and foramen magnum localized, a glass micropipette (about 0.5 mm in diameter) was used to gently penetrate the dura and collect the CSF (30-80 μL) without any blood contamination and within 5 min from the anesthesia.
cDNA microarray analysis. Labeling, complementary DNA (cDNA) synthesis, hybridization, scanning, and image processing were done as previously described. 16 All protocols are available by the Royal Institute of Technology, Stockholm (KTH) microarray core facility homepage. 17 Preliminary data analysis was performed as described. 16 Briefly, data analysis was performed in the R environment mainly using KTH and Bioconductor packages. [17] [18] [19] After importing the data into R, four filters were used to remove spots flagged in GenePix, spots saturated in both cy3 and cy5, spots in which 70% of the pixels had below background intensity +2 standard deviations, and spots that were enlarged because of spotting artefacts.
On average ~84% of the spots were kept across all slides. Differentially expressed genes were identified using an empirical Bayes' moderated t test available in the LIMMA package. [19] [20] [21] The t test statistics was performed on all features that had an inter-quartile range > 0.5 in any contrast (7,075 features). The Gene Ontology and functions available in the Bioconductor project 19, 22 were used to search for genes overrepresented among the differentially expressed genes.
Quantitative real time reverse transcriptase-polymerase chain reaction (RT-PCR) for microarray data validation. Transcripts of selected genes were quantified by real time PCR in brains from mice uninfected or at different time points after T. b. brucei infection. Total RNA was extracted from half of the fresh frozen brain, reverse-transcribed, and the transcripts levels quantified on an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA), as previously described. 23 The sequences of the primers used are listed in Table 1 , the primer sequences of cyclophilin have been published previously. 23 The amount of transcripts of individual animal samples (n = 4 per group) was normalized to cyclophilin. The relative amount of target gene transcripts was calculated using the 2 -DDCt method as described. 24 These values were then used to calculate the mean and standard error of the relative expression of the target gene messenger RNA (mRNA) in the brains of uninfected and infected mice. The same procedure was used to analyze transcripts for CXCL10, Lipocalin 2, and SLPI in brains of T. b. bruceiinfected rats.
Measurement of selected molecules in body fluids of Trypanosoma -infected individuals. Screening for candidate biomarkers in body fluids (CSF, sera, and saliva) from Trypanosoma -infected individuals was done by enzymelinked immunosorbent assay (ELISA) following a procedure described by the manufacturer (R&D systems, Minneapolis, MN).
The levels of CXCL10, lipocalin 2, and SLPI were measured in the CSF of 180 patients with T. b. gambiense form of HAT, whereas the CSF and urine from patients with T. b. rhodesiense form of HAT were screened for CXCL10, lipocalin 2, and SLPI. Lipocalin 2 was also screened in the CSF from infected rats. The detection limits of CXCL10, SLPI, and lipocalin 2 were 8, 25, and 12 pg/mL, respectively.
Statistical analysis. Significant differences between the study groups for each measured parameter were determined. Empirical Bayes moderated t test was used to determine false discovery rate for differentially expressed genes in microarray, and to confirm overexpression for each selected gene by real time RT-PCR, analysis of variance (ANOVA) followed by Newman Keuls post test was used to compare the time points. Significant differences in the levels of proteins measured by ELISA in body fluids were determined by the Mann-Whitney U -test.
RESULTS

Identification of genes differentially expressed in the brains of mice at the late stage of infection with T. b. brucei.
To identify molecules that are highly expressed during the encephalitic phase of experimental African trypanosomiasis, a transcriptome comparison of brain tissues at 6, 15, and 28 d.p.i. was performed. Suramin cures T. b. brucei -infected mice treated at 6 and 15 but not at 28 d.p.i. 25 A total of 5,617 genes were differentially expressed between 6 and 28 d.p.i. ( Figure 1 ) and of these 3,215 had gene ontology (GO) annotation. The levels of 2,495 genes with GO annotation were increased and that of 720 genes were decreased in the brain of mice at 28 as compared to 6 d.p.i.; 5,037 genes were differentially expressed between 15 and 28 d.p.i. ( Figure 1 ) and of these 2,853 had GO annotation. The expression of 2,191 transcripts with GO annotation was enhanced and 662 genes were decreased in the brains of mice at 28 as compared to 15 d.p.i. Most of the genes, which were quantitatively augmented at 28 compared to 6 or 15 d.p.i., are involved in inflammatory and immune responses such as complement classical pathway, chemotaxis, T cell differentiation, and antigen processing and presentation by MHC class II.
A subset of 24 differentially expressed genes was selected for further analysis based on the following criteria: 1) more than 1.5-fold change in gene expression by microarray; 2) the encoded protein is secreted and detectable in body fluids; 3) not produced or not known to be predominantly produced by WBC; 4) not a chemokine, cytokine, or an antibody; 5) expressed in the brain; and 6) transcribed in humans. The differential gene expression of these genes in brains was confirmed for 16 of the 24 molecules by real time PCR ( Table 2 ). The levels of lipocalin 2 and SLPI mRNA, the two most highly differentially expressed transcripts, are shown Figure 2 .
Late stage T. b. brucei -infected rats show high levels of lipocalin 2 in CSF. For technical reasons, we measured lipocalin 2 in CSF of T. b. brucei -infected rats instead of mice, harvested at different time points. Mice and rats show a similar outcome of T. b. brucei infection, and the penetration of parasites into the brain parenchyma occurs between 12 and 22 dpi. 26, 27 It was observed that all transcripts for CXCL10, lipocalin 2, and SLPI were differentially upregulated in brains of infected rats at late stage similar to what was observed in mice ( Figure 3A-C ) . Because of limitations in commercially available antibodies against rat proteins, only lipocalin 2 was analyzed in rat CSF. As shown in Figure 3D , there was a significant increase in lipocalin 2 in the CSF from rats with late stage compared with early disease. Levels of lipocalin 2 and SLPI are differentially increased in the CSF, but not sera, urine, or saliva, of HAT patients. We next studied if protein levels of lipocalin 2 and SLPI are increased in the body fluids from late stage HAT. The concentration of lipocalin 2, SLPI, and CXCL10 in the CSF of 180 early (n = 90) and late stage (n = 90) T. b. gambiense HAT patients from DR Congo was measured by ELISA. We have recently shown in a smaller HAT patient sample originating from the same region that levels of CXCL10 were elevated. 12 Higher levels of CXCL10, lipocalin 2, and SLPI in the CSF of late stage HAT patients were detected compared with early stage patients ( Figure 4A-C ) . No correlation or association between SLPI and lipocalin 2 levels with other clinical (body mass index, somnolence, etc.) or laboratory parameters (number of trypanosomes in the CSF, intrathecal IgM titers, etc) was found. We performed the goodness-of-fit test, and obtained r 2 < 1, with P value > 0.05 for all parameters. Similarly, higher levels of CXCL10, lipocalin 2, and SLPI were detected in CSF from late compared with early stage T. b. rhodesiense HAT patients from Malawi ( Figure 4D-F ) . There was no difference in the levels of these molecules in sera and saliva of late stage compared with early stage T. b. gambiense HAT patients. Because we had urine samples from T. b. rhodesiense patients, we measured the levels of CXCL10, lipocalin 2, and SLPI in the urine samples but did not observe any significant differences in the levels of these molecules with disease stage ( Figure 5 ) . However, the results suggest that it may be necessary for future studies to be conducted on a large sample size of urine from HAT patients because relatively few sample sizes were analyzed in this study .
DISCUSSION
Here, we show that microarray gene expression analysis using animal models, in which individuals requiring late stage drugs are distinguished from those that are susceptible to early stage drugs can be used to predict molecules that are elevated in the CSF of HAT patients. Thus, lipocalin 2 and SLPI transcripts were elevated in brains of mice at a late compared with an early stage of T. b. brucei infection (as defined by susceptibility to suramin) and could be used to predict increased levels of these proteins in the CSF of late stage compared with early stage HAT patients.
In animal models, including non-human primates, early detection of trypanosomes and WBC in the CSF has been reported 28 at a stage when they are most likely absent in the brain parenchyma. One suggestion from this is that cells may readily cross the blood-CSF barrier, but crossing of the BBB requires more complex mechanisms, which have been in part recently elucidated. 26, 29 Thus, there is most likely a delay in gaining access into brain parenchyma compared with CSF, implying that finding trypanosomes combined with mild pleocytosis (< 20 WBC/μL of CSF) in the CSF may not be a reliable parameter for disease staging in African trypanosomiasis. Perhaps, molecules that are released from brain parenchymal cells as a consequence of events taking place behind the BBB is better indicators of late stage infection.
We have focused on molecules mainly secreted by cells different from WBC, and different to chemokines and cytokines, which have been previously identified as candidate molecules for improved staging of HAT. Lipocalin 2, which plays a role in eukaryotic and bacterial cell death caused by iron sequestration, 30 has been reported to be produced by epithelial cells in the choroid plexus and cerebral endothelial cells during inflammation. 31 Moreover, astrocytes and microglia also express lipocalin 2 after inflammatory stimulation in vitro . 32, 33 The SLPI, an anti-inflammatory protease inhibitor, 34 is expressed in neurons and astrocytes, but not in macrophages/microglia. The localization of SLPI in the peri-infarct zone after middle cerebral artery occlusion in rats, suggested its role in the suppression of the inflammatory response to the ischemia. 35 We have previously reported that CXCL10 is increased in the brain parenchyma of T. brucei -infected mice when suramin is no longer curative and that this chemokine co-localizes with astrocytes. 12 In this study, and confirming previous findings, 12, 14 higher CXCL10 levels were detected in the CSF of late stage compared with early stage T. b. gambiense and T. b. rhodesiense It should be noted that in several of the patients classified as stage 2 because of presence of WBC in the CSF, no increase in levels of lipocalin 2, SLPI, or CXCL10 was found. The question, therefore, arises whether these patients should have been subjected to toxic stage 2 drug treatment or not. Therefore, complementary to the present approach, the levels of molecules identified by a microarray could be measured in the CSF of experimental animals at time points when suramin or pentamidine are curative or not. In line with this, we observed a significant increase in levels of lipocalin 2 in the CSF from T. b. brucei -infected rats at a late stage. More data using animal models infected with human pathogenic subspecies of trypanosomes are needed to evaluate potential markers in HAT diagnosis and treatment follow-up. In conclusion, this study shows that levels of lipocalin 2 and SLPI as well as CXCL10, identified using expression microarray analysis in the brain from infected mice, may contribute to differentiating between early and late stage HAT disease.
